In earlier reports from this laboratory, a series of new synthetic substrates for pepsin was described.'-' These compounds are of the general type Z-His-X-YOAI\e4 where X and Y are the residues of amino acids such as L-phenylalanine, p-nitro-L-phenylalanine, L-tyrosine, L-tryptophan, and L-leucine; the enzymic action is limited to the cleavage of the X-Y bond. One of the substrate analogues prepared during the course of this work, Z-His-Phe-Pol, was found to be resistant to the-action of pepsin3 and to be a competitive inhibitor of the enzyme.5 The close structural similarity of this inhibitor to the sensitive substrate Z-HisPhe-Phe-OSAe (replacement of the terminal COOCH3 group by a CH20H group), and the fact that the K, for Z-His-Phe-Pol is similar to the Km for Z-His-PhePhe-O\e,5 suggested that such a derivative of L-phenylalaninol would be useful for the study of its binding at the catalytic site of pepsin. The derivative chosen was Z-His-Phe(NO2)-Pol, because of its high molecular extinction coefficient and because kinetic data have shown that Z-His-Phe-Phe-O\Ike and Z-His-Phe (NO2)-Phe-OA/le are cleaved by pepsin at similar rates.3
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To determine the binding of Z-His-Phe(NO2)-Pol to pepsin, the gel-filtration method6 as refined in this laboratory7 was employed. In this method, a Sephadex column is equilibrated with the substance of low molecular weight, and the protein (dissolved in the solution used to equilibrate the column) is applied. Elution of the column with the same solution as that used for equilibration leads to the emergence of the protein at the excluded volume of the column, followed in the elution diagram by a trough whose area gives a measure of the amount of small molecule bound by the protein. The use of Z-His-Phe(NO2)-Pol as the small molecule facilitates the spectrophotometric monitoring of the effluent solution, because the molecular extinction coefficient of this compound is 9600 at 278.5 M/1 (the absorption maximum at pH 4).
In the present communication data are presented in favor of the conclusion that pepsin has a primary binding site of high affinity for Z-His-Phe(N02)-Pol, and in addition binds the small molecule more weakly at secondary sites. That this primary binding site is located at the catalytic site of the enzyme is indicated by the finding that treatment of pepsin with the diazo ketone L-1-diazo-4-phenyl-3-tosylamidobutanone (DPTB) abolishes the high-affinity binding at the primary site. Earlier studies in this laboratory had shown that this diazo ketone specifically inhibits the catalytic activity of pepsin as a proteinase (substrate, hemoglobin), as a peptidase (substrate, Z-His-Phe(NO2)-Phe-O1\Ie), and as an esterase (substrate, Z-His-Phe(N02)-Pla-OZAe); complete inactivation is achieved by the reaction of one molecule of the diazo ketone per molecule of pepsin.3 8 The binding of Z-His-Phe(N02)-Pol to pepsin previously treated with acetyl imidazole also has been examined. Such treatment has been shown to cause a marked decrease in the rate of peptic cleavage of hemoglobin, and a marked .519 increase in the rate of hydrolysis of synthetic peptide substrates (e.g., acetylPhe-Tyr, Z-His-Phe(NO2)-Phe-ON~e).3 9, 10 The data presented below indicate that, upon partial acetylation, some of the secondary binding sites for Z-HisPhe(NO2)-Pol are preferentially blocked, without abolition of the primary binding site.
Materials and Methods.-Swine pepsin (twice crystallized) was obtained from the Worthington Biochemical Corp. (lot 693-7) and was purified for the present studies by passage through a Sephadex G-25 column (2.5 X 80 cm) with sodium acetate buffer, I = 0.5 (pH 5.0 or 5.5) as the eluant. This procedure was necessary to remove components retarded by the gel, and which interfere with the binding studies. The two pepsin preparations so obtained (after dialysis against water and lyophilization) are designated Wa (pH 5.5) and Wb (pH 5.0); their specific proteolytic activity was 2620 and 2720 units/mg, respectively, when assayed with hemoglobin as the substrate in the manner described previously." A sample of pepsin was derived from crystalline swine pepsinogen (Worthington Biochemical Corp., lot PG 114) by activation at pH 2.0 and 15°, followed by passage through a SE-Sephadev column equilibrated with 0.4 M acetate buffer, pH 4.4;12 this enzyme preparation (after dialysis against water and lyophilization) had a specific activity of 2910 units/mg, and is designated pepsin-P. Except where otherwise noted, pepsin concentration was based on an assumed molecular extinction coefficient at 278 m1A of 50,900,10 and a molecular weight of 35,000. The sample of pepsinogen (Worthington Biochemical Corp., lot PG 9163) used for the binding studies had a potential pepsin activity of 3040 units/mg of pepsinogen. The molecular weight of pepsinogen was assumed to be 42,000, and the molecular extinction coefficient was taken to be 56,000.1"
The preparation of the DPTB-inactivated pepsin followed the procedure described previously the molar ratio of protein to DPTB was 1:5. After being kept for 1 hr at 300, the reaction mixture was clarified by filtration, and the modified protein was isolated by passage through a Sephadex G-25 column equilibrated with 0.001 M acetic acid and was lyophilized after dialysis against water. The material so obtained (DPTB-pepsin) was inactive towards hemoglobin in the standard assay. In a separate experiment with C"-labeled DPTB (specific radioactivity, 15,000 cpm/Mmole), the modified protein obtained in this manner was found to have a specific radioactivity of 14,350 cpm/j.Lmole of pepsin (assumed mol wt, 35,000). Because the treatment with the diazo ketone required exposure of the enzyme to 1 mM CuCl2 and 10% dioxane for 1 hr at 300 and pH 5.4, a control sample was prepared by the same procedure used to obtain the inactivated pepsin, except that the diazo ketone was omitted; this pepsin preparation (pepsin-DC) had a specific proteolytic activity of 2950 units/mg. We thank Dr. Georges R. Delpierre of this laboratory for his generous cooperation in preparing the DPTB-inactivated pepsin.
For the preparation of acetyl-pepsin, crystalline swine pepsin (Worthington Biochemical Corp., lot 708) was dialyzed overnight against 0.1 M acetate buffer (pH 5.8) at 40, and was treated with acetyl imidazole (mp 102-103.5°) for 1 hr at 300. The reaction mixture contained per milliliter of 0.1 M acetate buffer (pH 5.8), 5 mg of pepsin (0.14 jtmole) and 0.63 mg of acetyl imidazole (5.7 Moles). After acetylation in this manner, the protein lost 20% of its absorbance at 278 m/A. The modified protein was isolated by passage through a Sephadex G-25 column equilibrated with 0.01 M acetate buffer (pH 5.0), and -was lyophilized after dialysis against water. A control sample of pepsin (pepsin-AC) was prepared by the same procedure used to obtain the acetylated pepsin, except that the acetyl imidazole was omitted. The hemoglobin-cleavage activity of the modified pepsin was 785 units/mg, or 26% of the activity of the control sample (3060 units/mg). The rate of hydrolysis of Z-His-Phe(NOO)-Phe-OMe at pH 4 and 370 by the modified pepsin was 270 m;Amoles/min/mg, or 200% of the activity of the control sample (136 mrmoles/ min/mg). We thank Dr. T. Ralph Hollands of this laboratory for his collaboration in the preparation and assay of the acetyl-pepsin. The kinetic behavior and other properties of this modified pepsin will be reported in detail in a future publication (T. R. Hollands and J. S. Fruton, in preparation).
Z-His-Phe(NO2)-Pol was prepared by Dr. Ken Inouye of this laboratory in a manner similar to that described previously3 for Z-His-Phe-Pol, except that Z-Phe(NO2) was used as a starting material and the intermediate Z-Phe(NO2)-Pol was converted to Phe(NO2)-Pol by treatment with HBr in dioxane followed by Allkaline rearrangement of the depsipeptide produced in the acidic reagent. Z-Phe(NO2)3 (2.6 gm, 8.25 mmoles) and Lphenylalaninol (1.25 gm, 8.25 mmoles) were coupled in the usual manner in the presence of ethyl chlorocarbonate (0.79 ml, 8.25 mmoles) and tri-n-butylamine (1.97 ml, 8.25 mmoles) with tetrahydrofuran (35 ml) as the solvent. After being stirred at 00 for 1 hr, and kept at room temperature for 4 hr, the reaction mixture was concentrated in vacuo. The residue was dissolved in ethyl acetate, and the solution was washed successively with 1 N HCl (twice), water, and 5% NaHCO3 (twice), and dried over MgSO4. Upon concentrating the solution in vacuo, 3.2 gm of Z-Phe(NO2)-Pol were obtained.
After recrystallization from methanol, it melted at 179-180'; yield, 1.8 gm (50%). of the hydrazide, was mixed with Phe(NO2)-Pol, prepared from 1.6 mmoles of the dihydrobromide. The mixture was kept at O°overnight and then was concentrated to a small volume to yield 0.83 gm (84%) of the product. After recrystallization from aqueous ethanol, it melted at 218-219°decomp.; yield, 0.71 gm (72%). Chromatography (as above) gave a single spot of Rf 0.50 (iodine, Pauly reagent). Calculated for C32HUN607 (614.6): C, 62.6; H, 5.6; N, 13.7 . Found: C, 62.7; H, 5.6; N, 13.6. We thank Dr.
Inouye for permission to include this synthesis in the present communication.
For the determination of the binding of Z-His-Phe(NO2)-Pol to the various pepsin preparations and to pepsinogen, the automated gel-filtration procedure of Fairelough and Fruton7 was used. In the present studies, the dimensions of the Sephadex G-25 columns were 0.3 X 50 cm. All binding runs were conducted at pH 4.00 i 0.05 (sodium formate buffer, I = 0.1) and 20 i 0.10, and the absorbance of the effluent solutions were monitored at 278 mu by means of a Gilford 2000 multiple-sample absorbance recorder equipped with accessories for column chromatography. The concentration of the peptide ranged between 0.056 and 1.3 mM. In all binding runs, the amount of protein applied to the column corresponded to about 0.06 Mmole. The protein peak usually emerged at 2.5 ml of the elution pattern and the minimum of the trough for Z-His-Phe(NO2)-Pol was at 7.8 ml. Under these conditions, the effluent diagram returned to the equilibrium base line after the emergence of the protein peak; at higher concentrations of small molecule, however, the protein peak showed extensive tailing into the region of the trough. The amount of Z-His-Phe(NO2)-Pol bound by a protein sample during a given run was determined from the area of the trough in the elution diagram, and the value of i (the mean number of moles of small molecule bound per mole of protein) was calculated in the manner described previously.7
Results.-It will be seen in Table 1 that the i values for the three pepsin preparations Wa, Wb, and P for any given concentration of Z-His-Phe(NO2)-Pol are the same within the precision of the method; there is no significant difference in the binding properties of the two preparations from commercial crystalline pepsin (pepsin-Wa and pepsin-Wb) and the preparation made by activation of pepsinogen (pepsin-P). At increasing concentrations of Z-His-Phe(NO2)-Pol, there is a progressively increased extent of binding, and at the highest concentration (1.05 ml\1) given in Table 1 , an average of about 5 moles of small molecule are bound per mole of pepsin. As mentioned above, reliable binding data could not be obtained by the gel-filtration method at higher concentrations of Z-His-Phe-(NO2)-Pol, because the complex formed between pepsin and the small molecule appeared to be retarded by Sephadex G-25. In the last column of Table 1 The data in Table 2 show that the diazo ketone-inhibited pepsin (DPTBpepsin) also binds Z-His-Phe(NO2)-Pol readily, and that in the concentration region 0.3-1.1 mM, there is a relatively constant decrease of approximately one unit in the i values for DPTB-pepsin, as compared to the control preparation (pepsin-DC). The justification for assigning this difference solely to the interaction of the diazo ketone with pepsin is strengthened by the fact that the proteinase activity and binding properties of pepsin-DC appear to be indistinguishable from those for pepsins Wa, Wb, and P, within the precision of our method.
In view of earlier studies in this laboratory,8 demonstrating a 1: 1 interaction of the diazo ketone with pepsin, leading to complete inactivation, it may be concluded that the difference in v values for the active pepsins and for DPTB-pepsin reflects the blocking of binding in the region of the catalytic site of the enzyme by the tOSyl-L-phenylalanylmethyl group of the diazo ketone.
As will be seen in into which apolar side chains of L-amino acids are drawn by hydrophobic interaction.3' 13 The fact that more than one class of binding sites is operative in the interaction of Z-His-Phe(NO2)-Pol with active pepsin is clearly indicated in Figure 1 by a plot of v/c versus P (Scatchard14). If pepsin had a number (n) of equivalent independent binding sites for Z-His-Phe(NO2)-Pol, the plot would have been a straight line whose extrapolated intercept on the i/c axis would be nK (K = association constant per binding site) and whose intercept on the P axis would be n.
Comparison of the i/c versus P plots for active pepsin and for DPTB-pepsin indicates that one or more strongly interacting sites have been abolished by inactivation of the enzyme by the diazo ketone. It may be concluded that the most important of these strongly interacting sites, which we have denoted the primary binding site, is located at the catalytic site of pepsin.
In addition to the primary binding site, pepsin clearly has multiple secondary sites for which n is indeterminate, but is certainly greater than 5. From the data in Table 2 substrate, several amino acid residues away from the sensitive peptide bond. In the absence of knowledge about the three-dimensional structure of pepsin, speculation about the number and nature of the groups, in the enzyme, involved in such secondary interactions is premature.
The binding data reported here do not explain the enhancement of hydrolytic activity toward small substrates such as Z-His-Phe(NO2)-Phe-OMe after the partial acetylation of pepsin. It may be mentioned, however, that kinetic studies performed by Dr. T. R. Hollands of this laboratory have shown that, in its action on such substrates at pH 4, acetyl-pepsin exhibits the same Km value as does pepsin itself, the increase in rate being reflected entirely in a change in Vmax. In view of earlier data3 indicating that, in the pepsin-catalyzed hydrolysis of small substrates, Km corresponds to K, (the dissociation constant of the enzyme-substrate complex), it would appear that the increased rate of hydrolysis of these substrates by acetyl-pepsin is a consequence of more rapid decomposition of the enzyme-substrate complex rather than a tighter binding of substrate to the enzyme. Figure 1 indicates that this value corresponds approximately to the difference between the extrapolated nK values on the v/c axis for the curves for pepsin and DPTB-pepsin. Because of the complexity of the curves, and the necessity of making uncertain assumptions about the number of secondary sites, and their respective association constants, a more exact calculation of the value of the association constant for the primary binding site is not warranted at present. For example, the estimated difference of 1 X 104 M-1 in the nK values could represent the sum of the association constants of the high-affinity primary binding site and that of a weaker secondary site also blocked by treatment of pepsin with DPTB. The available data suggest, however, that the primary binding site of pepsin represents a region whose affinity for molecules such as Z-His-Phe(NO2)-Pol is approximately one order of magnitude greater than the average affinity of the individual secondary sites. Clearly, the additive contribution of a relatively large number of such weaker secondary sites may be decisive in promoting the effective hydrolysis of long-chain peptides. It will be of interest, in future work, to examine the interaction of pepsin, and of chemically modified pepsin, with long-chain synthetic peptides whose structure has been modified systematically. With such long-chain peptides as substrates or substrate analogues, the nature and relative position of both polar and apolar side-chain groups may elicit interactions not revealed by a small molecule such as Z-His-Phe(NO2)-Pol, but important in the action of pepsin on protein substrates.
